Introduction
Arid and semi-arid (hereafter dryland) regions encompass about 47% of the global land surface (Middleton and Thomas 1997) . Despite their low annual rainfall (< 500 mm), many desert landscapes are traversed by rivers of great importance to the ecology of the surrounding ecosystems and human settlements (Postel 1999; Kingsford 2006) . Dryland regions represent 75% of land area in Australia, where inland floodplain rivers such as Cooper Creek and the Diamantina River exhibit some of the most variable and unpredictable flow regimes on earth (Walker et al. 1995; Puckridge et al. 1998) . Even so, these highly variable inland rivers support a diverse aquatic fauna including local endemics, and very productive native fish assemblages (Bunn et al. 2003; 2006a; Arthington et al. 2005 ).
Cooper Creek is largely unregulated and therefore provides an ideal system for exploring the influence of natural flow variability (sensu Poff et al. 1997 ) and extreme flow events (floods and dry spells with no river flow) on the ecology of desert fishes.
During extended dry periods between occasional large floods, fish survive in isolated waterholes within channels and on the floodplain, where the composition of assemblages and species abundance patterns typically vary widely at the reach and waterhole scale in relation to topography, floodplain size and waterhole setting, habitat structure/connectivity and water quality conditions (Puckridge et al. 2000; Arthington et al. 2005) as observed in many of the world's floodplain rivers (Rodriguez and Lewis 1997; Tejerina-Garro et al. 1998; Jackson et al. 2001; Welcomme 2001) . When floods do occur they mostly coincide with high summer temperatures (Kingsford et al. 1999; Balcombe et al. 2007 ) and this coupling of flow and thermal regime is thought to be an important requirement, if not a cue, for spawning and the subsequent pulses of fish recruitment that typify many floodplain characteristics. Based upon field observations and past studies of fish in floodplain river systems, we made the following predictions. 1. Fish abundance and assemblage structure in isolated waterholes will be strongly influenced by antecedent hydrology and seasonal variations in water temperature. 2. Temporal patterns in population sizestructure will reflect antecedent hydrology and season. 3. Flood events will have particular significance for recruitment success but species may vary in their response to flooding and dry periods.
Materials and methods

Study area
The Cooper Creek catchment has a semi-arid climate with mean annual rainfall varying from 400-500 mm in the headwaters to <100 mm at its entry to Lake Eyre (Puckridge 1999; Bunn et al. 2003) . At Currareva, near Windorah (S 25 o 428, E 142 o 734, Fig. 1 ) mean annual discharge is 3.05 km 3 yr -1 (97 m 3 s -1 ). The timing and volume of rain events are highly variable among years, hence, inter-annual variability in streamflow is high (Puckridge et al. 1998; 2000) . For its size, Cooper Creek has one of the most unpredictable flow regimes in the world (Puckridge et al. 1998; Knighton and Nanson 2001) . Most stream flow is generated by seasonal monsoon rainfall in the northern headwater areas of the catchment and periodic local rainfall, resulting in highly variable patterns of floodplain inundation, and flow pulses that remain within channels in some years (Knighton and Nanson 1994; Puckridge et al. 1998 ). Episodes of flooding can inundate tens of thousands of square kilometres of floodplain (equivalent to 35% of the catchment); and serve to reconnect anastomosing channels, distributaries and isolated waterholes. Floods that breach the banks are separated by long dry periods that can last up to 21 months based on 49 years of record at Currareva (Bunn et al. 2003) . During these extended periods of occasional channel flows or no flow, Cooper Creek dries down to mosaics of highly turbid 'waterholes' that typically take the form of isolated, relatively deep segments of channel located at points of flow convergence (Knighton and Nanson 1994). Many waterholes hold water for more than 12 months in the absence of surface flow but most dry to approximately 10% of their bankfull volume within 23 months as a consequence of high evaporation rates (Hamilton et al. 2005) . In Cooper Creek, isolated waterholes in channels and on the floodplain serve as refugia (Morton et al. 1995; Magoulick and Kobza 2003) , providing the only habitat sustaining aquatic biota between the wetter periods that generate channel flows, or occasionally, large floods (Arthington et al. 2005 , Bunn et al. 2006b (Fig. 2) , connecting all study waterholes. There was only one other major flood within the study period, occurring in January 2004 and peaking at 9000 m 3 s -1 (Fig. 2) . In addition to the two large floods, there were a number of in-channel flows prior to and within the study period. Prior to the first sampling occasion in April 2001, there were four flow pulses, the two largest ones being 1200 m 3 s -1 and 1400 m 3 s -1 in November and December 2000, respectively. Two smaller pulses followed in January (400 m 3 s the same period, even through it is situated on a different distributary channel that usually receives water from the Barcoo River (see Fig. 1 between daily maximum and minimum air temperatures (see Fig. 2 ).
Fish sampling
Fish abundance and assemblage structure and the size frequency distributions of four fish species were assessed in four waterholes (Glenmurken, Mayfield, Murken and Shed) of Cooper Creek below the confluence of the Thomson and Barcoo Rivers near Windorah, western Queensland (Fig. 1) . The physical characteristics of these four waterholes are representative of the types of waterhole refugia present in the midCooper Creek catchment (Bunn et al. 2006b; Balcombe et al. 2007 ).
The fish assemblage within each of the four waterholes was sampled using three fyke nets and a single beach seine haul. Fyke wing width and sampling duration were recorded for each net, for the subsequent calculation of catch per unit effort (CPUE), where CPUE represents the sum total of individuals of each species collected from three fyke nets set for 19 hours with the wing entrance 10 m in width. Fyke nets (13 mm mesh) captured both small and large individuals of all 12 fish species known to live in these waterholes (Arthington et al. 2005) . Beach seining (9.5 mm mesh) was used as an additional method to ensure that very small individuals, such as juvenile carp gudgeons (Hypseleotris spp.) were not missed from species richness and abundance estimates. Further details of the sampling methods can be found in Arthington et al. (2005) .
To gain some insight into the influence antecedent hydrology and season/temperature have on fish recruitment and hence, patterns of abundance, we also recorded the length frequency distributions of the four most abundant and commonly occurring fish species across all sampling times. The four species were the two plotosid catfishes: silver tandan, Porochilus argenteus and Hyrtl's tandan, Variations in fish species presence/absence and assemblage structure across waterholes and sampling times were analysed using CPUE data based on fyke net catches. CPUE data were also used as a measure of total fish abundance (all species) and the abundance of individual species per waterhole. Species richness for each waterhole was based upon the data collected by both sampling methods. One-way analysis of variance (ANOVA) was used, firstly to test the prediction that antecedent hydrology (fixed factors) influence total fish CPUE and species richness amongst waterholes and across sampling dates, and secondly to test if season (fixed factor) has an influence on CPUE and species richness. It was necessary to use one-way
ANOVAs as there were insufficient degrees of freedom to investigate any interaction between antecedent hydrology and season. To meet the assumptions of ANOVA all CPUE data were normalised by log 10 (x) transformations. Furthermore, these transformations also improved homogeneity of variances among the hydrological and seasonal groups. Statistical significance was recorded at P < 0.05. Tukeys HSD posthoc tests were used to account for differences in CPUE or species richness among each possible pair of seasonal groups.
In our analysis we also made the assumption that each fish dataset from any one waterhole was independent of the following temporal sample from that waterhole due to the highly variable biological conditions between each subsequent sampling time. To ensure this was statistically sound we also examined residuals (of CPUE and richness) from each waterhole on each sampling occasion using the autocorrelation function in Systat v11.0 to ensure there was no autocorrelation within any one waterhole, confirming that indeed all fish samples were independent from each subsequent temporal sample.
Assemblage patterns were analysed using ordination based upon hybrid nonmetric multi-dimensional scaling (MDS). MDS plots were generated from BrayCurtis similarity matrices produced from log 10 (CPUE + 1) and species presence/absence data. One-way analyses of similarities (ANOSIM) based upon the same similarity matrices were used to identify differences in assemblage structure in Associations between individual species and water chemistry parameters were examined using Spearman rank correlation in SPSS. Due to the large number of tests undertaken, significant correlations were accepted at P < 0.001 to protect against Type I error (Keppel 1991). All univariate analyses were performed using Systat for Windows 11.00.01 (SSI, 2004) .
Fish recruitment patterns of the four common species in the Windorah reach of
Cooper Creek were interpreted from size-frequency distributions combined with catch per unit effort data collected using fyke nets and summed across all four waterholes for each sampling occasion. Fyke net data only was used to assess size frequency patterns of the selected species, as these nets have been used successfully in a range of dryland rivers due to them consistently catching the full size-range of fish species, apart from very small juveniles and/or larvae (e.g. Arthington et al. 2005; Balcombe et al. 2005; 2006; 2007) . Although the seine net was used to collect additional smallbodied species for species richness counts that may have been missed by the fyke nets, it also served as a verification of presence or absence of juvenile recruits of the four common species. These seines did not on any occasion reveal new recruits not apparent in the fyke nets verifying the use of fyke nets for analysing size-frequency patterns.
Results
Abundance and species richness
Approximately 33400 fish were recorded in samples from the four waterholes across eight trips. All 12 fish species recorded in waterholes of the more extensive midCooper Creek catchment by Arthington et al. (2005) were found in the Windorah reach of Cooper Creek throughout this study (Table 1) . Over all sampling trips the most abundant species were the plotosid catfishes P. argenteus (~54% of total catch) and N. hyrtlii (~14%), the clupeid N. erebi (~16%), two terapontids L. unicolor (~8%) and S. barcoo (~6%), and the percichthyid Macquaria sp. B (~2%) ( Table 2 ). Five of the same six species were also commonly distributed among waterholes and sampling trips, being found in >87% of all waterholes across sampling trips except for S.
barcoo which was less common (67%).
Temporal trends in total fish catches among the four waterholes in the Windorah reach demonstrate high variability in fish abundance across the eight sampling trips (Table 2) . Apart from Glenmurken Waterhole that was actually dry in waterholes situated within the same river channel (Fig. 1) . Shed Waterhole generally receives less flow than the other waterholes and disconnects from the channel network more rapidly than they do (Arthington et al. 2005) . Although mean CPUE tended to be higher in the S (short) compared to L (long) time since flow group (Fig 3a) , the difference was not significant. Seasonal effects on CPUE were, however, significant ( Fig. 3b ; ANOVA: F 2,28 = 7.46, P = 0.003). Post hoc tests revealed that mean CPUE was higher in SA (January-April; recent summer flow combined with high water temperatures) than both AW-autumn-winter (P = 0.001) and SS -spring-summer (P = 0.003).
The lowest estimate of native species richness across the eight sampling occasions was five native species at Murken Waterhole in September 2001, with the highest recorded being 11 native species at both Murken and Mayfield waterholes on a number of occasions (Table 2) . Mean native species richness was significantly higher in S compared to L time since flow groups ( Fig. 3c ; ANOVA: F 1,29 = 4.66, P = 0.04). Seasonal effects on richness were also significant (Fig 3d; ANOVA: F 2,28 = 3.83, P = 0.03). Post hoc tests revealed that of the three possible seasonal comparisons only SA and SS were significantly different (P = 0.03) with mean richness in SA being significantly higher than for SS.
Assemblage structure
Ordination plots revealed that fish assemblage structure based on CPUE data was arrayed in relation to antecedent hydrology with S flow groups in the middle of the plot and the L groups trending towards the upper left corner (Fig. 4a) . The difference in structure between the S and L fish groups was statistically significant (ANOSIM:
Global R = 0.244, P < 0.001). In relation to season, fish CPUE formed three groups, with SA forming a relatively tight cluster in the middle to right of the plot, while SS sat towards the top left diagonal, yet overlapped with AW in the bottom left diagonal (Fig. 4b ). Seasonal groups were significantly different (ANOSIM: Global R = 0.29, P < 0.001), and pairwise differences revealed that SA was significantly different to both SS (P = 0.002) and to AW (P = 0.004), while there was no significant difference between SS and AW.
Fish assemblage structure based upon presence/absence data was also differentiated between the two antecedent hydrology groups with the S group tending towards the top left diagonal of the plot and the L groups towards the bottom left diagonal (Fig. 4c) . ANOSIM revealed the two flow groups were significantly different (Global R= 0.17, P < 0.001). Fish assemblage presence/absence plots tended to form loose aggregations, with SA grouping the tightest in the top middle of the plot, while SS grouped loosely towards the bottom right diagonal and AW was very loosely aggregated toward the bottom (Fig. 4d) . While there was a significant seasonal effect on fish assemblage structure based on presence/absence (ANOSIM:
Global R = 0.16, P < 0.01), the only significantly different pairwise comparison among the three seasonal groups was between SA and SS (P = 0.02).
Associations between fish distribution and water chemistry
BIO-ENV revealed that there was no association between any combination of, or any single, water chemistry parameter and fish assemblage CPUE or presence/absence patterns. Spearman rank correlations between individual species and water chemistry parameters did, however, show strong associations. These correlations were all negative and significant at P<0.001 (S. barcoo CPUE and conductivity (r s = -0. et al. 2008) , whereas the marked decreases in fish abundance within the confines of isolated, drying waterholes would be partly a consequence of dependence on autochthonous production (benthic algae), a less diverse food web and declining food resources (Bunn et al. 2003; 2006a,b; Balcombe et al. 2005; Sternberg et al. 2008) , as well as loss of habitat and associated water quality and biotic changes (Arthington et al. 2005) . These 'boom and bust' patterns of aquatic productivity are a wellestablished feature of Australian dryland river systems such as Cooper Creek (Puckridge et al. 1998; 2000; ; Kingsford et al., 1999; Puckridge 1999) and to a lesser extent, the Warrego River in the upper Murray-Darling Basin (Balcombe et al. 2006) .
Seasonal influence on fish assemblages
While fish assemblages showed strong responses to channel flow and flooding, the 
Variability in fish assemblages among waterholes
Although high species richness and fish abundance were measured after large floods, (Arthington et al. 2005) . These waterhole trajectories would also be influenced by natural processes of competition and predation and hence, survival, which would be reflected in the relative success of juvenile recruitment.
Individual variability among fish species
One interesting aspect of these "boom and bust" abundance patterns is the speciesspecific change in abundance through time. For example, S. barcoo achieved its highest abundances in the three in-channel waterholes soon after the two largest floods (2000 and 2004) during the study period, thereafter declining rapidly to very low abundances, or being absent on all other sampling occasions. The presence and abundance of this species in a waterhole was negatively correlated with conductivity and sulphate concentrations, whereas its abundance was also negatively correlated with pH. Hence, S. barcoo may be sensitive to fluctuations in some aspects of water quality. It is also possible that S. barcoo is sensitive to crowding and stress resulting from waterholes shrinking as they dry down, when the decreasing water quality itself erebi. Hence, even after many months of no flow and pressure on declining habitat and food resources, some fish species recover and flourish in particular waterholes.
Floodplain setting, connectivity, waterhole morphology, habitat structure and associated abiotic/biotic pressures partly explain these variations in fish abundance from one waterhole to another during dry periods (Arthington et al. 2005) . Overall, these different patterns of species dominance reflect the highly dynamic nature of fish assemblages in Cooper Creek due to the interplay of factors such as colonization and extinction, competition, predation and changes to habitat structure and food resources among waterholes (Magoulick and Kobza, 2003; Arthington et al. 2005; .
Recruitment patterns of fish species
Given that patterns of fish species presence/absence, assemblage structure and abundance were strongly linked to the time elapsed since the last antecedent flow, it was no surprise that recruitment patterns of fish were also strongly influenced by
flow, yet responses differed considerably among the four common species. The (Balcombe et al. 2007) . Rather than no recruitment it is probable that these fish had grown at a much greater rate than would be expected had they spent most of their post-larval life in a waterhole rather than on the warmer, more productive floodplain. The floodplain is a resource-rich environment for this species and floodplain water temperatures were generally high (between 26 and 0 C), which would have accelerated fish growth. Similar to the pattern for N. erebi appears able to spawn most of the year, in flood, flow and drying conditions, making it highly adapted to the unpredictable hydrological environment it occupies.
Unlike the other three common species, however, N. erebi did not exhibit increased numbers (particularly juveniles) after floods, suggesting that the life-cycle of these fish is not dependent upon channel flow or flooding (as also noted by Pusey et al. 2004 ).
Ecology of Cooper Creek fish
The four fish species studied here would fit into the eupotamonic phytophilic guild of Welcomme et al. (2006b) , all being able to migrate both laterally between channels and floodplains, and longitudinally along wetted channels and/or down the floodplain under flow or flood conditions (Pusey et al. 2004; Balcombe et al. 2007 ). As such they would be sensitive to any changes in hydrology and/or habitat connectivity that 
